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THERMAL DRAWDOWN AND RECOVERY OF SINGLY AND MULTIPLY FRACTURED HOT DRY ROCK RESERVOIRS Rainer Wunder
Hugh Murphy
ABS TRACT
To calculate heat extraction and thermal recovery i n hot dry rock geothermal reservoirs, a computer code was written t o solve the differential equations f o r rock-water heat conduction and convection by f i n i t e differences. Temperature versus time functions f o r mu1 t i p l e fractures separated by various spacings are presented in dimensional and i n nondimensional plots. The r e s u l t s were specialized f o r the limiting case o f a single fracture in unbounded rock and f o r the other limiting case where the rock i s so extensively fractured t h a t thermal breakthrough phenomena can occur. Fracture temperatures were calculated d u r i n g the thermal recovery following various extraction periods. For the single-fracture case these temperature recoveries could, w i t h s l i g h t approximation, be represented as a single curve depending only upon the r a t i o o f the total elapsed time and the extraction time.
I . INTRODUCTION
Thermal drawdown and recovery behavior of a h o t dry rock geothermal system provide important information about the fractured reservoir size. the o u t l e t temperature curve as a function o f time, the dependence o f t h i s funct i o n upon the reservoir parameters must be well known. These parameters include the density, heat capacity, and thermal conductivity of the rock, normally given by experimental t e s t s w i t h d r i l l cores, the length of the fracture i n the flow direction, the total fracture surface area, and the number and spacing o f f r a c t u r e s . Drawdown and recovery are the r e s u l t of the complicated heat t r a n s p o r t process To analyze 1 _ _ .-/-w i t h i n fracture systems. Typically, these require a t l e a s t the solution t o the p coupled equations of heat conduction and convection in the water and heat conb duction in the surrounding rock. In some cases heating of the water introduces a buoyant e f f e c t , promoting natural convection; or some other effect,such as the type and position of the i n l e t and o u t l e t , leads t o two-dimensional fluid motion. I n these cases separate equations, coupled t o the heat transport equations,are additionally required t o describe the fluid dynamics in a fracture.
Harlow and Pracht have described a three-dimensional single-fracture model in which rather complete equations which embody a nonlinear buoyancy term are utilized t o describe b o t h the fluid dynamics and the resultant heat transfer d u r i n g heat extraction. McFarland and Murphy found t h a t when the fluid i n l e t and o u t l e t points were n o t located a t the bottom and t o p of the fracture, complex two-dimensional streamline patterns would develop. cous t o buoyancy forces was large, the fluid would proceed along the l i n e of l e a s t resistance, t h a t i s , directly from i n l e t t o o u t l e t ; and in so doing,only a p o r t i o n o f the e n t i r e fracture area was useful f o r heat extraction. other hand, when the r a t i o of viscous t o buoyancy forces was small, as for example, when the fracture was pressurized open t o i t s maximum aperture or when thermal contraction of the contiguous rock eventually resulted in large apertures, the s i t u a t i o n was quite the opposite. The cold, dense, incoming fluid would a t f i r s t sink toward the bottom. As i t gradually heated, i t would begin t o move horizontally outward, away from the i n l e t , and eventually would turn upward, heading for the fluid o u t l e t located near the t o p . much greater fraction of the fracture area was made available for heat extract i o n . rock, i t was quickly reasoned3 t h a t i f a slanting well could be d r i l l e d , a s e r i e s of parallel vertical fractures could be created from t h i s well, and t h a t these fractures could be connected t o a second well d r i l l e d parallel t o the f i r s t , resulting i n a system w i t h much greater overall area. extraction from such a system was f i r s t presented by Gringarten, Witherspoon, and O h n i~h i .~ Their model was based upon an i n f i n i t e series of p a r a l l e l , rectangular, equidistant vertical fractures of uniform thickness.
analysis the i n l e t fluid was uniformly distributed a t the fracture bottoms and flowed uniformly and one dimensionally t o the tops,where i t was uniformly In t h i s report we consider n o t only heat extraction b u t the thermal recovery t h a t follows the termination of the heat extraction phase. for thermal recovery, when combined w i t h wellbore temperature surveys, can result in thedetermination of the heat-transfer-effective fracture area,as well as the thermal properties of the rock. In addition these results a r e of i n t e r e s t in connection with potential modes of operation in which heat extraction and recovery are repetitively alternated, as f o r example, for peak-power shaving applications .
Theoretical results

MATHEMATICAL MODELING
Following Gringarten e t a1.,4 we also assume t h a t the fractures are rectangular and vertical and t h a t fluid i s uniformly provided a t the bottom and extracted a t the t o p . properties. i s v e r y small compared t o t h e f r a c t u r e l e n g t h , water temperature g r a d i e n t s i n x -d i r e c t i o n a r e i n s i g n i f i c a n t . g i v e n by water c o n d u c t i o n and c o n v e c t i o n i n t h e z -d i r e c t i o n and t h e heat t r a n sf e r between w a t e r and rock. For any p r a c t i c a l case, t h e heat t r a n s f e r r e s i s t a n c e a t t h e r o c k s u r f a c e can be neglected, so t h a t t h i s energy f l o w i s governed by thermal conduction i n t h e r o c k . The d i f f e r e n t i a l e q u a t i o n i s then w r i t t e n i n t h e f o l l o w i n g form:
As t h e a p e r t u r e , Zb, o f t h e f r a c t u r e
The temperature a l o n g t h e f l o w p a t h i s then I t i s p o s s i b l e t o s o l v e these two equations, connected by t h e heat t r a n s f e r a t t h e r o c k surface, a n a l y t i c a l l y f o r some s p e c i a l cases. One a n a l y
t i c a l s o l u t i o n o f these coupled equations i s g i v e n by A r p a c i 5 f o r t h e s p e c i a l case o f a s i n g l e f r a c t u r e i n an i n f i n i t e r o c k volume ( i n f i n i t e f r a c t u r e spacing i n F i g . 1 ) . The temperature f i e l d d u r i n g t h e drawdown i s g i v e n b y
7
r = e r f i n
where x r e p r e s e n t s t h e d i s t a n c e i n t o t h e r o c k from t h e f r a c t u r e face. Another
case w i t h an e x a c t s o l u t i o n i s t h e heat e x t r a c t i o n from " r u b b l i z e d " r o c k , t h a t i s , r o c k which i s s p l i t i n t o v e r y small p i e c e s o f t h e s i z e o f a few cms o r l e s s . I t i s a l s o t h e s o l u t i o n f o r r o c k w i t h h i g h m a t r i x p e r m e a b i l i t y which i s n o t
f r a c t u r e d . ( 1 ) and ( 2 ) ] r e s u l t from heat balances d u r i n g d i f f e r e n t i a l t i m e steps around volumes o f d i f f e r e n t i a l s i z e , these equations may be approximated and s o l v e d n u m e r i c a l l y u s i n g a computer code which balances t h e h e a t d u r i n g f i n i t e t i m e steps around f i n i t e volumes. Assuming an i n f i n i t e heat t r a n s f e r c o e f f i c i e n t between t h e water and r o c k s u r f a c e so t h a t t h e water and r o c k s u r f a c e a r e a t t h e same temperature, t h e heat balance f o r any w a t e r volume i s g i v e n as: known s i n c e t h e y a r e taken as t h e values most r e c e n t l y c a l c u l a t e d .
t i o n s , t h e h e a t balance i s g i v e n by For a d i f f e r e n t i a l r o c k volume w i t h h e a t exchange o n l y i n x-and z -d i r e caTr
new temperatures t o be c a l c u l a t e d a t t h e n e x t t i m e s t e p appear o n l y on t h e r i g h thand sides, which express t h e d i f f e r e n c e s between t h e o l d and new temperatures.
These equations were w r i t t e n i n t o a computer code,which i s d e s c r i b e d i n t h e Appendix. To o b t a i n a b e t t e r e s t i m a t e of t h e l a r g e temperature g r a d i e n t s near t h e water-rock surface, we used a v a r y i n g s t e p l e n g t h i n x -d i r e c t i o n b e g i n n i n g w i t h v e r y small steps a t x = 0.
A l l t h e temperatures on t h e l e f t -h a n d s i d e s a r e
The unknown
X e s u l t s o f t h i s computer program, c a l c u l a t i n g t h e temperature p r o f i l e i n t h e z -d i r e c t i o n f o r x = 0 and i n t h e x -d i r e c t i o n f o r one v a l u e o f z, f o r a s i n g l e f r a c t u r e i n i n f i n i t e r o c k , a r e shown i n F i g s . 3 and 4. Eq. ( 3 ) shows t h a t a f t e r a s h o r t i n i t i a l p e r i o d t h e r e i s a good agreement
between t h e a n a l y t i c a l and t h e numerical s o l u t i o n s .
A comparison w i t h I V . RESULTS OF DRAWDOWN AND RECOVERY CALCULATIONS
A. S i n g l e F r a c t u r e s i n i n f i n i t e r o c k . The curves a r e c a l c u l a t e d f o r a f l o w r a t e o f 7 . 9 l i t e r s / s (125 gpm) i n t o t h e whole f r a c t u r e and t h r e e values o f t h e area,A, on one s i d e o f t h e f r a c t u r e . t e s t o f t h e h o t d r y r o c k r e s e r v o i r a t Fenton H i l l , New Mexico. temperature T-Tin/Tro-Tin versus a dimensionless t i m e as shown i n F i g . 6. case o f h e a t e x t r a c t i o n from a s i n g l e f r a c t u r e i n i n f i n i t e r o c k w i l l t h u s be reproduced by one general f u n c t i o n . a l s o presented as dashed curves i n F i g . 6. I t i s emphasized t h a t so l o n g as t h e a p p r o p r i a t e v a l u e o f A i s used i n t h e d e f i n i t i o n o f t h e dimensionless time, b o t h t h e drawdown and r e c o v e r y curves a r e a p p l i c a b l e f o r any p o s i t i o n i n t h e f r a c t u r e , n o t j u s t t h e o u t l e t . Thus. t h e thermal r e c o v e r y a t any a r b i t r a r y l o c a t i o n i n t h e f r a c t u r e , a f t e r any a r b i t r a r y drawdown p e r i o d , i s found by computing t h e dimensionless e x t r a c t i o n t i m e u s i n g t h e a c t u a l p e r i o d o f e x t r a ct i o n and t h e f r a c t u r e area between t h e i n l e t and t h e l o c a t i o n o f i n t e r e s t . One t h e n f i n d s t h e dimensionless thermal r e c o v e r y c u r v e s t a r t i n g c l o s e s t t o t h e des i r e d dimensionless e x t r a c t i o n p e r i o d and t h e n e s t i m a t e s t h e subsequent r e c o v e r y f r o m t h i s c u r v e . F i g u r e 5 shows t h e c o o l i n g and r e c o v e r y o f t h e o u t l e t s o f s i n g l e f r a c t u r e s These v a l u e s a r e t y p i c a l o f those a p p r o p r i a t e f o r t h e Phase I F o l l o w i n g t h e f o r m o f Eq. ( 3 ) i t i s p o s s i b l e t o p l o t t h e dimensionless Any Thermal r e c o v e r y curves f o r s e v e r a l dimensionless e x t r a c t i o n t i m e s a r e An even s i m p l e r procedure r e s u l t s f r o m t h e o b s e r v a t i o n t h a t a l l t h e curves f o r thermal r e c o v e r y i n F i g . 6 a r e s i m i l a r i n shape, s u g g e s t i n g t h e p o s s i b i l i t y t h a t t h e y can be c o l l a p s e d t o a s i n g l e curve. r e q u i r e d t o a c h i e v e t h i s r e s u l t i s suggested b y t h e thermal r e c o v e r y o f r o c k i n which t h e drawdown t o o k p l a c e such t h a t : ( 1 ) t h e h e a t f l u x F, removed from t h e
r o c k p e r u n i t time,was c o n s t a n t ; ( 2 ) t h e drawdown temperature was c o n s t a n t d u ri n g t h e drawdown.
t h e r e s e r v o i r i n l e t . Drawdown and r e c o v e r y a t t h e o u t l e t of a s i n g l e f r a c t u r e i n unbounded r o c k .
In the f i r s t case the temperature a t the end of the extraction time, t,,, 
The r a t i o i s simply
T -T
In the second case with constant drawdown i s given by Equations ( 1 1 ) and ( 1 2 ) a r e graphed i n Fig. (11 1 temperature, the thermal recovery 7. Both r e s u l t s are remarkably similar despite the difference i n boundary conditions d u r i n g the drawdown.
shown are representative numerical r e s u l t s f o r more r e a l i s t i c drawdown conditions. Also Within a small error band a l l the recovery values f a l l upon a single curve.
B.
Multiple Fractures fracture b u t from multiple fractures.
multiple-fracture system as uniform parallel flofl p a t h s of constant spacing, equal flow r a t e s , and equal areas. of these flow paths will then be influenced by the adjacent fractures.
In many cases, energy from h o t dry rock will be extracted n o t from a single For our calculations, we idealized t h i s
The temperature drawdown and recovery o f one However, a f t e r an extraction time of 1000 h the o u t l e t temperatures are fortuitously coincident, (the flow r a t e per unit area was different for the two c a s e s ) , the drawdown and recovery functions are very different. reservoir w i t h t h i s spacing shows very l i t t l e recovery i n times comparable t o the extraction time.
As a r e s u l t of the superposition of heat flows i n multiple fractures we was shown t h a t , w i t h l i t t l e approximation, thermal r e c o v e r y c o u l d be r e p r e s e n t e d as a s i n g l e c u r v e depending o n l y upon t h e r a t 
i o o f t h e t o t a l elapsed t i m e and t h e e x t r a c t i o n t i m e . Furthermore, t h e r e s u l t s demonstrate t h a t t h e e f f i c i e n c y o f h e a t e x t r a c t i o n from h o t d r y r o c k i n c r e a s e s w i t h d e c r e a s i n g f r a c t u r e spacing. The optimum i s g i v e n f o r r u b b l i z e d r o c k , because a l l t h e energy i s t h e n produced w i t h t h e h i g h e s t temperature which i s p o s s i b l e , t h e i n i t i a
